Staphylococcus aureus is an important opportunistic pathogen capable of causing a variety of diseases in humans, ranging from localized infections of skin and soft tissue to life-threatening systemic infections (2) . Asymptomatic carriage in the human population represents a natural reservoir of S. aureus. Approximately 20% of individuals are persistently colonized, and another 60% of the population is colonized intermittently on the mucosal surface of the anterior nares (32) . S. aureus infections can arise under a variety of predisposing conditions that include immune suppression, in-dwelling medical devices, and biomaterial implants. In U.S. hospitals, S. aureus ranks as the leading etiologic agent of hospital-acquired pneumonia and surgical wound infections and the second leading cause of nosocomial infections in intensive care unit patients (2) .
Treatment of staphylococcal infections has become increasingly problematic due to the emergence of multidrug-resistant strains, a particular threat being the advent of glycopeptideresistant isolates (5, 61) . These developments highlight the urgent need for new therapeutic agents with novel mechanisms of action. Among the gene products that can be considered as targets for new antimicrobial agents are factors involved specifically in virulence. In the past, studies of S. aureus virulence have focused largely on the contribution of individual factors, and the global regulators of their expression, to pathogenicity in animal or cell culture models of infection (for reviews, see references 7 and 38). Proteins considered to be virulence factors in S. aureus generally fall into two categories: secreted toxins that serve to either degrade host tissues or modulate the host immune system, and cell surface or secreted proteins involved in host cell adhesion, intracellular entry, and immune system evasion (for reviews, see references 3, 16, and 39). Among the regulators of virulence factor gene expression, agrCA and sarA have been most thoroughly studied (6) . While virulence factors play an important role in pathogenesis, the contributions of basic catabolic, anabolic, transport, and signaling pathways in S. aureus infection have not been well characterized. These functions must certainly be important in permitting S. aureus to survive and replicate in the variety of distinct in vivo environments encountered by this pathogen (45) . The development of new molecular and genetic methods for the analysis of bacterial pathogenesis has enabled comprehensive screening of bacterial genomes for virulence genes in animal hosts (4) . Among these methods are promoter trap strat-egies, such as in vivo expression technology, a method that selects for genes specifically expressed during infection (40) , and differential fluorescence induction, which monitors expression of the green fluorescent protein (gfp) reporter gene as a measure of promoter activity in vivo (55) . DNA array hybridization analysis represents a third comprehensive method to evaluate the expression state of individual genes in the host environment (10) . These strategies have provided useful information on the in vivo expression of genes which, when combined with subsequent genetic disruption experiments, have allowed the identification of new virulence genes.
A second approach, signature-tagged mutagenesis (STM), relies upon transposons which are marked with unique sequence oligonucleotide tags (24) . The unique sequence tags allow mutants to be distinguished by differential hybridization. The strength of STM is that it permits large-scale analysis of insertional mutants for loss of virulence in vivo in an animalsparing manner. It has been successfully employed to identify virulence genes from a variety of bacterial pathogens (for review, see reference 23), including S. aureus (11, 43) . Since it's introduction, STM has been modified by a number of investigators to either significantly improve (31) or eliminate (25) the hybridization process.
In this paper we describe a genetic screening method that employs unique size DNA tags for monitoring the fate of individual bacterial clones within a population. The use of DNA size tags to mark individual cells in a population was first described by Walsh and Cepko, who used the method to study cell fate in the developing rat neocortex (59) . We created a set of wild-type, isogenic, DNA size-tagged S. aureus strains that can be detected by multiplex PCR amplification, followed by high-resolution polyacrylamide gel electrophoresis. One advantage of this DNA size marker identification technology (SMIT) is that it circumvents costly and time-consuming probe labeling and hybridization procedures associated with STM. A second advantage of SMIT is that the identifying molecular tag is not linked to the mutagenic agent, thus enabling use of any desired mutagen (J.-P. Zhang, T. Christian, S. Bond, L. Lee, R. Pope, B. Benton, and J. Buysse, Abstr. Gen. Meet. Am. Soc. Microbiol. 2002 Microbiol. , abstr. B-314, p. 86, 2002 . For organisms in which insertional mutagens are not available, this approach offers the opportunity to screen pooled mutants created by other means. Here we demonstrate the application of SMIT to screen banks of S. aureus Tn551 and Tn917lac insertion mutants for reduced virulence in murine models of infection. Our findings provide insight into the host-bacterium interaction and may provide a useful starting point for identification of new targets for antistaphylococcal therapies.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Strains of S. aureus (Table 1) were cultured in tryptic soy (TS) broth or brain heart infusion (BHI) broth supplemented with erythromycin (Erm) to 2 g/ml, tetracycline (Tc) to 2 g/ml, or chloramphenicol (Cm) to 10 g/ml where appropriate. Solid media were supplemented with 1.5% (wt/vol) agar and contained the same concentrations of antibiotics. For determination of auxotrophies, individual S. aureus mutant strains were inoculated onto chemically defined medium containing supplements essentially as described by Pattee and Neveln (48) with the following exceptions: inorganic phosphate (KP i ) was reduced to 1 mM and buffering capacity was supplied by 75 mM HEPES, pH 7.2. Specific auxotrophies were determined by auxanography (12) . Derivatives of strains SAM23 (S. aureus 8325-4 wild type cured of prophage) and SAM13 (r Ϫ m ϩ derivative of 8325-4; RN4220; from R. Novick) were employed for all S. aureus studies. Escherichia coli DH5␣, employed for all cloning experiments, was cultured in Luria-Bertani medium supplemented with spectinomycin (Spc) to 50 g/ml or ampicillin to 50 g/ml where appropriate.
Nucleic acid manipulations and plasmids. All nucleic acid manipulations were performed according to standard procedures (54) unless stated otherwise. Chromosomal DNA was extracted from S. aureus essentially as described by Pattee and Neveln (48) . Oligonucleotides for DNA sequencing and PCR were produced on an ABI 392 synthesizer. PCR amplicons were sequenced with a PRISM dye terminator kit (Applied Biosystems, Inc.) and an ABI 373A automated DNA sequencer. Recombinant constructs were introduced into bacteria either by electroporation with a Gene Pulser (Bio-Rad, Inc.) or by transduction, using the generalized S. aureus transducing phage 80␣. Plasmid pMP202 was constructed by ligating a 2.3-kb tet(K)-containing HindIII fragment from pT181 (44) into the HindIII site of pBluescript KS(ϩ) (Stratagene Inc.). Plasmid pCL84, a 6.7-kb S. aureus-E. coli shuttle plasmid containing the phage L54a attP site and pT181 tet(K) gene for selection in S. aureus and the ori and Spc resistance gene sequences derived from pSC101, was the generous gift of Chia Lee (36) . Plasmid pMP820 was derived from pCL84 to generate a Cm-selectable S. aureus-E. coli shuttle plasmid. It was constructed by ligating a 4.3-kb AccI/HindIII fragment derived from pCL84 (containing the phage L54a attP site, as well as the ori and 
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Spc resistance gene derived from pSC101) with a 1.6-kb AccI/HindIII cat-containing fragment derived from pC194 (27) . To create an S. aureus Erm-selectable plasmid encoding phage L54a integrase, a 1.2-kb BamHI/EcoRI int-containing fragment from pYL112⌬19 (36) was ligated to BamHI/EcoRI-cleaved pMP16 (41), generating pMP797. Southern hybridization analysis was performed on selected Tn551 and Tn917lac insertion mutants. Genomic DNA preparations were restricted with BglII, HindIII, NdeI, or XbaI, fractionated by agarose gel electrophoresis, and transferred to a nylon membrane (Hybond-N; Amersham). Blots were hybridized under high-stringency conditions with erm-proximal and erm-distal probes homologous to both Tn551 and Tn917lac sequences. Probe DNAs were generated by PCR using pI258repA36 ⍀1(Tn551) as template and the following Tn917 (GenBank accession no. M11180) primer pairs: 1.8-kb erm-proximal probes, 5Ј-GTATCACTTCAGGAGTGATTACATG-3Ј and 5Ј-CTAGTTTATTGACC TTTCCACGG-3Ј; 850-bp erm-distal probes, 5Ј-CATATCGAGGTTGCTTCAA C-3Ј and 5Ј-CCCGAGCGCTTAGTGGGAA-3Ј. Probes were labeled with fluorescein-12-dUTP using a DNA labeling and detection kit (DuPont NEN) and visualized with anti-fluorescein-alkaline phosphatase-conjugated antibody according to the manufacturer's directions.
Isolation and cloning of tags. Double-stranded DNA tags were generated by restriction of salmon sperm DNA (Sigma) to completion with Sau3AI, separation on a low-melting-temperature agarose gel, and isolation of fragments in the 100-to 600-bp range. The resulting fragments were ligated with BamHI-cleaved and phosphatase-treated pCL84 (36) and isolated by transforming competent E. coli to Spc r . Twenty-five appropriate-size tags were identified by PCR analysis of individual transformants using primers SMIT-F1 (5Ј-GTCTTACTGTCGGGA ATTC) and SMIT-R1 (5Ј-CCTTTTTCAAATAATCTGCCC). These tags were individually subcloned into the BamHI site of pMP820. The DNA tags are hereafter referred to as SMIT tags.
Construction of SMIT-tagged S. aureus strains. SMIT tags were introduced into the S. aureus chromosome by transforming competent SAM1100 cells to Tc resistance (Tc r ) with each of 25 pCL84::SMIT tag clones, or to Cm resistance (Cm r ) with each of 25 pMP820::SMIT tag clones. SMIT tags were then mobilized into the virulent S. aureus SAM23 strain by transduction. To confirm integration into the geh locus, culture supernatants derived from individual transformants and transductants were assayed for lipase (geh gene product) activity using commercially available reagents (Sigma). The resulting strain set consisted of 50 tagged SAM23 strains, i.e., 25 individually marked with distinct pCL84::SMIT tags (Tc r ) and 25 individually marked with distinct pMP870::SMIT tags (Cm r ), at the geh locus.
Construction and screening of S. aureus mutant libraries. Transposon Tn551 and Tn917lac delivery vectors, pI258repA36⍀1(Tn551) and pTV32ts, respectively, were introduced individually into each of the above 50 tagged SAM23 strains by transduction and verified phenotypically. Transposition was initiated by subculture in TS broth containing Erm at 39°C to early-log-phase growth, followed by selective plating on TS agar containing Erm at 43°C to recover integrants. Approximately 4,200 Tn551 and 2,400 Tn917lac randomly selected mutants were individually archived in 96-well microtiter plates. Pools containing 40 to 50 individual mutants were assembled by combining equivalent CFU of 20 to 25 pCL84::SMIT (Tc r )-tagged mutants and 20 to 25 pMP870::SMIT (Cm r )-tagged mutants.
Mutant pools were screened in the murine model of bacteremia via intraperitoneal challenge (see below). Inocula consisted of 0.2 ml (approximately 10 4 CFU) of log-phase cells subcultured in BHI broth. Aliquots of inocula were diluted serially and plated selectively to obtain at least 5,000 single colonies on each TS agar containing Tc and TS agar containing Cm (input samples). Viable bacteria were recovered from infected spleens by plating each pool selectively to obtain at least 5,000 single colonies on each TS agar containing Tc and TS agar containing Cm (output samples). Output samples were collected from two to three animals per pool and combined. Genomic DNA was extracted from plated cells and used as template in PCRs with primers SMIT-F1 and SMIT-R1. To reaction mixtures consisting of 1ϫ PCR buffer (50 mM KCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl; pH 9.0), a 0.2 mM concentration of each of the four deoxynucleoside triphosphates (Pharmacia), and 2.5 U of Taq DNA polymerase (Applied Biosystems, Inc.) were added 50 ng of genomic DNA and a 0.2 M concentration of each of primers SMIT-F1 and SMIT-R1. Amplifications were performed in a Gene Amp PCR system 9600 thermal cycler (Perkin-Elmer, Inc.) with a program consisting of a denaturation step for 90 s at 96°C followed by 30 cycles of 30 s of denaturation at 95°C, 30 s of annealing at 55°C, and 15 s of extension at 72°C. The reactions were completed by a final extension for 10 min at 72°C. PCR products were fractionated on GeneGel Excel 12.5% polyacrylamide gels (Pharmacia) and subjected to electrophoresis in the GenePhor system (Pharmacia).
Amplified DNA tags were visualized by staining with the DNA Silver staining kit (Pharmacia).
Murine infection assays. All animal experimental protocols and procedures were approved by an institutional animal care and use committee. Two models of staphylococcal systemic infection were employed. Inocula were prepared by growing bacteria to mid-log phase in BHI broth. For systemic infections disseminated to the spleen, bacterial inocula were administered by the intraperitoneal route. Bacteria were washed and diluted in BHI broth and mixed 1:1 with a 4% (wt/vol) sterile solution of Brewer's yeast in BHI broth, and inocula of approximately 10 4 CFU in 0.2 ml were injected intraperitoneally into female BALB/c mice (Charles River Laboratories, Inc.), aged 6 to 8 weeks. At 48 h postinfection, animals were sacrificed and spleens were harvested and homogenized aseptically in phosphate-buffered saline (PBS; per liter, NaCl, 7.65 g; Na 2 HPO 4 , 1.27 g; NaH 2 PO 4 , 0.1 g; KH 2 PO 4 , 0.21 g; pH 7.2). For systemic infections disseminated to the kidney, bacterial inocula were administered by the intravenous route. Bacteria were washed and diluted in PBS, and inocula of approximately 10 7 CFU in 0.1 ml were injected into the lateral tail vein of female BALB/c mice, aged 6 to 8 weeks. At 7 days postinfection, animals were sacrificed and kidneys were harvested and homogenized aseptically in PBS. Viable bacteria were recovered from infected tissue by plating onto TS agar containing antibiotics where appropriate. Inoculating doses were verified in all cases by determining CFU on tryptic soy agar.
The method of Ford et al. (14) was employed for establishing abscess infections. Inocula were prepared by growing bacteria to post-exponential phase (35°C, 18 h) in BHI broth, after which they were washed once in PBS, diluted in PBS, and mixed 1:1 with a 20-mg/ml sterile solution of Cytodex 1 beads (Sigma) in PBS. Inocula of approximately 10 5 CFU in 0.1 ml were injected intramuscularly into the thigh muscle of male Swiss-Webster mice, aged 6 to 8 weeks. At 3 to 5 days postinfection, animals were sacrificed and the thigh muscle was dissected and homogenized aseptically in PBS. Viable bacterial cells were recovered from infected tissue by plating onto TS agar containing antibiotics. Inoculating doses were verified by determining CFU on TS agar.
CI determinations. Competitive index (CI) measures were determined essentially as described by Chiang et al., (8) with the following modifications. For competitive infection assays, mutant strains and the wild-type strain (SAM23) were grown separately to post-exponential phase (35°C, 18 h) in BHI broth and washed and diluted in BHI broth. Each mutant was mixed with the wild type at a concentration of 5 ϫ 10 3 CFU/ml each (10 4 CFU/ml total). To determine the exact input ratio, serial dilutions of this mixture were plated onto TS agar (to determine total CFU) and TS agar containing Erm (to determine mutant CFU). For in vitro CI determinations, 4-ml aliquots of this mixture were incubated for 18 h at 35°C in a shaking incubator. Output ratios were determined by plating aliquots of serially diluted cultures as described above to determine both total CFU and mutant CFU. For in vivo CI determinations, 0.2-ml aliquots of the mutant-wild-type mixture were combined 1:1 with Brewer's yeast and used as inocula for intraperitoneal challenge in the murine systemic infection model as described above. Output ratios were determined by plating aliquots of infected tissue homogenates as described above to determine both total CFU and mutant CFU. The CI is defined as the output ratio of mutant to wild type divided by the input ratio of mutant to wild type.
Identification of transposon insertion sites. To identify Tn551 and Tn917lac insertion sites, chromosomal DNA was prepared from strains of interest and subjected to Southern hybridization analysis. Inverse PCR was used to isolate the DNA sequences flanking Tn551 and Tn917lac insertions, essentially as described previously (52) . Chromosomal DNA from strains of interest was digested with any of several restriction enzymes that cut at least once within the transposon sequence. The cleaved DNA was self-ligated and used as template in PCRs with the following primer pairs. For amplification of erm-proximal junction sequences, primer 917-12 (5Ј-GAGAGATGTCACCGTCAAG) was used in combination with one of the following primers, depending upon the restriction enzyme used for template preparation (HindIII, 5Ј-GGCTAAAAGACATTCCAGGTAAG; NdeI, 5Ј-TCTTATGTGAGTCGACAGC; XbaI/BglII, 5Ј-CATATCGAGGTTG CTTCAAC). For amplification of erm-distal junction sequences, primer 917-17 (5Ј-GGGAGCATATCACTTTTCTTG) was used in combination with one of the following primers in the manner described above (HindIII, 5Ј-CATTCCGTCT GAAGCAGTG; NdeI, 5Ј-TCTTGTGAATCACGTGTCC; XbaI/BglII, 5Ј-TCA TTCCAAACACCTGATCAG). Purified amplification products were sequenced directly. 
RESULTS
Size tag library and strain construction. A library of DNA tags was constructed by inserting different-sized DNA fragments (100 to 600 bp), derived by Sau3AI restriction of salmon sperm DNA, into pCL84, an S. aureus integration-E. coli shuttle vector that confers Tc resistance in S. aureus (36) (Fig. 1A) . Oligonucleotide primers flanking the cloning site were used in a PCR screen of transformed E. coli colonies to identify 25 tag clones that could be amplified uniformly in multiplex PCRs and resolved adequately by polyacrylamide gel electrophoresis. Each of these 25 plasmid clones was individually introduced into the S. aureus 8325-4 (SAM23) chromosome by transformation of SAM1100 to Tc r and subsequently crossed into SAM23 by transduction. Since the plasmid vector pCL84 directs integration specifically and accurately to the geh locus in SAM1100 (see Materials and Methods), the resulting library contained 25 isogenic strains, each of which was genetically tagged in a manner that permitted precise identification of the tag by PCR amplification and polyacrylamide gel electrophoresis. We refer to this method of genetic tagging as DNA SMIT.
Control experiments were performed to determine whether introduction of SMIT tags into S. aureus cells impaired growth and whether the tags were genetically stable. In order to determine whether inactivation of S. aureus geh by pCL84 integration affected growth or virulence, isogenic geh ϩ /geh::pCL84 strain pairs were compared in kinetic growth experiments and in murine infection models. Aside from the lack of expression of Geh (lipase) from the geh mutant strain, we were unable to detect any phenotypic consequence of geh inactivation (data not shown). We next evaluated the collection of 25 S. aureus geh::pCL84-SMIT-tagged strains for genetic stability. Strains were cultured individually to post-exponential phase, pooled, and used as inoculum for nutrient broth culture and murine infection models (see Materials and Methods). Equivalent quantities of all 25 input strains were recovered from both overnight broth cultures as well as infected murine tissues (data not shown), leading us to conclude that SMIT tags were genetically stable upon prolonged growth both in vitro and in vivo. Finally, limiting dilution PCR experiments were performed to establish quantitative standards by which negatively selected strains might be compared (Fig. 2) . We determined that 4-fold reduction of a given strain in a 25-member pool was readily observed and that the signal diminished beyond detection when a given strain was diluted greater than 16-fold.
In order to assemble pools consisting of greater than 25 strains, we created a second library of the same 25 SMIT tags mentioned above. Each tag was individually subcloned into a newly constructed S. aureus integration-E. coli shuttle vector, pMP820, that confers Cm r in S. aureus. Like pCL84, pMP820 directs integration specifically to the geh locus. Each of the 25 pMP820-SMIT clones was individually introduced into the SAM23 chromosome by transformation and transduction as described above. When S. aureus cells harboring both geh::pCL84-SMIT (Tc r ) tags and geh::pMP820-SMIT (Cm r ) tags were pooled and cocultured, each tag set could be resolved by plating selectively on medium containing either Tc or Cm, respectively (data not shown).
Construction and screening of insertion mutant libraries. Two S. aureus mutant banks, one consisting of approximately 4,200 Tn551 insertion mutants and a second consisting of approximately 2,400 Tn917lac mutants, were constructed for in vivo screening (Fig. 1B) . Tn551 mutants were isolated following introduction of plasmid pI258repA36⍀1(Tn551) individually into each of the 50 SAM23 SMIT-tagged strains and plating at the nonpermissive temperature on medium containing Erm. Approximately 84 randomly selected Tn551 mutants were collected from each of the 50 tagged strains (4,200 mutants total), archived into microtiter dishes, and subsequently combined into 84 pools consisting of up to 50 mutants each. Tn917lac mutants were similarly isolated following introduction of plasmid pTV32ts into each of the 50 SAM23 SMITtagged strains. Forty-eight randomly selected Tn917lac mutants were collected from each of the 50 tagged strains (2,400 mutants total), archived, and combined into pools. To verify that our mutagenesis procedures resulted in random, single transposon insertions, chromosomal DNA from five arbitrarily selected Tn551 mutants derived from each of eight strains (40 mutants total) was analyzed by Southern hybridization using Tn551 as a probe (data not shown). Our results indicated that each mutant possessed a single Tn551 insertion. Insertion hot spots were not observed and, moreover, mutants isolated from a single SMIT-tagged strain had a sibling rate of less than 15%.
We selected a murine model of systemic infection for mutant screening because it measures the ability of S. aureus to survive exposure to a range of host environments. In this model, bacteria are introduced by intraperitoneal inoculation, whereupon they disseminate by the lymphatic system to the bloodstream and are able to colonize and replicate in organ tissues (19) . The progression of bacteremia in this model, including bacteriologic and pathological changes, seeding of multiple organs, and cell-mediated and inflammatory cytokine host responses, parallel many events that occur in human disease (53, 56, 63) . When we examined kidney tissue recovered from animals infected with wild-type S. aureus, we observed renal histopathology analogous to human pyelonephritis.
The number of mutant clones that can be screened in a pool is restricted by the number of clones that can simultaneously establish infection and persist within the host. Previous reports describing screens of S. aureus mutants by STM suggested that up to 96 individual clones could be reproducibly recovered from murine models of abscess, wound, and systemic infection (11, 43) . We performed control experiments using pools of unmutagenized SMIT-tagged strains to (i) evaluate the time course of infection, (ii) optimize variables such as bacterial inoculation and duration of infection, and (iii) determine the ideal target organ for bacterial recovery. Results from these experiments demonstrated that inoculating doses at or near the 50% lethal dose (10 4 CFU) were required to establish infection by all input strains (corresponding to approximately 200 CFU per clone in a pool of 50) in both spleen and kidney when infected tissue was recovered 48 h postchallenge. We also determined that bacterial counts of at least 10 5 CFU per g of tissue were required to ensure recovery of all members in a pool. In order to reduce the occurrence of false positives in our mutant screening, each pool was screened in at least two animals and output samples derived from spleen tissue were combined prior to analysis.
Our initial screen of 6,300 insertion mutants in mice identified 339 in vivo attenuated mutants (5.4% of the mutants screened). Representative screening results obtained from one pool are shown in Fig. 3 . Attenuated mutants were visually identified by comparing the signal intensities of tags amplified from the input pools to those amplified from the combined recovered pools. Clones present in the input pools that were significantly reduced (greater than fourfold reduction) in the recovered pools were selected for further analysis. Of the 339 mutants that fulfilled this criterion, 95 yielded no detectable signal in the recovered pool (greater than 16-fold reduction). These 95 mutants were considered to be more severely attenuated than the remaining 282 mutants and were the subject of further investigation. To confirm virulence attenuation in a competitive environment, each of the 95 mutants was individually subcultured and reassembled into new pools for screening in mice. In this second round of in vivo screening, each mutant was assembled into at least two pools; each pool consisted of eight mutant and four tagged wild-type strains. Pools were screened in the murine systemic infection model, and mutants that were attenuated in all pools were selected for further studies. This exercise led to the identification of 24 mutants that were consistently attenuated in competitive infections.
Identification and analysis of genes required for in vivo survival. Southern hybridization analysis determined that each of the 24 mutants had arisen from a single transposon insertion into a unique site in the chromosome. Sites of transposon insertion in each mutant were identified by inverse PCR and DNA sequence determination (see Materials and Methods). Sequences were used to query the S. aureus COL genome sequence determined by The Institute for Genomic Research and identify complete ORFs. Insertions in 23 unique ORFs were identified. These were used to query the N315 genome as well as public protein and nucleotide databases for homologous gene products and revealed that our mutant collection contained insertions in genes encoding a variety of distinct cellular functions. The mutants can be grouped into four functional gene classes, including small-molecule biosynthetic enzymes, cell surface binding and transport proteins, signal transduction systems, and anaerobic energy generation, as well as several conserved hypothetical proteins of unknown function ( Table 2) . Nine of the 24 strains had transposon insertions in genes required for amino acid or purine biosynthesis, 5 of which (IVT626, IVT627, IVT15, IVT638, and IVT173) affected genes required for biosynthesis of aspartate or aspartate family amino acids and 2 of which (IVT36 and IVT285) affected genes in tyrosine and tryptophan biosynthesis, respec- 
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STAPHYLOCOCCUS AUREUS VIRULENCE GENES 8483 tively. Another large group of mutants, 6 of 24, harbored insertions in previously described or putative transmembrane transporters (IVT35, IVT133, IVT176, IVT207, IVT291, and IVT631). Two independent insertions (IVT59 and IVT84) were isolated in different regions of the coding sequence of a putative sensor histidine kinase, arlS (17) . In all, 10 previously identified S. aureus genes and 13 novel genes encoding proteins of putative or unknown function were identified as essential for full virulence. Mutations in genes encoding secreted virulence factors, such as the hemolysins, were not isolated. It is believed that strains harboring such mutations may be complemented in trans during mixed culture infections and, hence, are expected to be underrepresented in our screen for attenuated mutants (9) . Phenotypic characterization of attenuated mutants. Prior to investigating the nature and extent of virulence defects exhibited by each of the 24 prioritized mutants, it was necessary to confirm that the observed virulence attenuation of each mutant was linked to the transposon insertion. This was accomplished by back-crossing each insertion into SAM23 by phagemediated transduction, followed by Southern blotting and PCR analyses to confirm sites of insertion (data not shown).
Each of these newly constructed mutants was used for all further experimentation. We investigated each mutant for apparent auxotrophies and performed mixed-culture competitive in vitro growth and competitive in vivo infection assays. To assess apparent auxotrophies, individual mutants were inoculated onto solid chemically defined minimal medium. Consistent with our bioinformatic analyses, all clones with mutations in genes encoding known biosynthetic enzymes or homologs failed to grow on minimal medium. In all but two instances, the specific auxotrophies exhibited by each of these mutants were consistent with the defined genetic lesions ( Table 3 ). The exceptions were mutants IVT207 and IVT252, strains that carry mutations in a branched-chain amino acid transporter gene, braB, and in the gene encoding hippurate hydrolase, hipO, respectively, for which we observed apparent lysine auxotrophies.
Mixed-culture competitive growth and infection experiments are sensitive measures of growth and virulence attenuation, respectively, in which effects associated with changes in the medium or the host environment are internally controlled (8) .
With each mutant strain, we performed in vitro CI determinations in rich broth medium in order to identify mutations that conferred general growth disadvantages unrelated to in vivo fitness (Table 3) . We also performed in vivo CI determinations, using the murine systemic infection model, to confirm and quantify virulence attenuation of each mutant strain. The results of these studies (Table 3 ) indicated that our collection of mutants exhibited a wide range of phenotypes in the mouse CI assay. One insertion, IVT42, conferred a general growth disadvantage apparently unrelated to virulence. Several mutants exhibited modest virulence attenuation (in vivo CI of Ͼ0.2), including mutations affecting lysine biosynthesis (IVT15, IVT173, and IVT638), aromatic amino acid biosynthesis (IVT36 and IVT285), anaerobic energy generation (IVT40), and cell surface binding-transport functions (IVT35, IVT207, and IVT291). Among the most severely virulenceattenuated mutants (in vivo CI, Ͻ0.2) were those affecting aspartic acid biosynthesis (IVT626 and IVT627), pyrimidine biosynthesis (IVT636), signal transduction (IVT24 and IVT59), and integral membrane transport proteins, including a putative 2-oxoglutarate/malate symporter (IVT133), a putative gamma-aminobutyrate permease (IVT631), and a predicted permease of unknown biochemical function (IVT176).
To determine whether virulence attenuation was influenced by competition with the coinfecting wild-type strain in mixedculture infections, we ascertained virulence of selected mutants in noncompetitive infections established by individual mutant strains. For these studies we assessed virulence in both systemic and abscess murine infections, models that measure the ability of a bacterium to survive two distinct host environments. The systemic infection model measures the ability of the bacterium to adapt to the host environment, survive innate host defense systems, disseminate, and colonize and persist within the spleen. The abscess model of focal infection, in contrast to the systemic infection model, does not require dissemination. During abscess formation bacterial growth is curtailed by influx of polymorphonuclear leukocytes as well as oxygen and nutrient limitation. Eight mutants exhibiting in vivo CI values of less than 0.2 were subjected to these analyses. The results (Table 4) indicated that the virulence attenuation detected in competitive infections is recapitulated in pure culture infections. In systemic infections, six mutants (IVT24, IVT59, IVT133, IVT626, IVT627, and IVT636) were recovered from spleen tissue in relative yields comparable to the mutant/wild-type ratio observed in the mouse CI assay, while two mutants (IVT631 and IVT176) showed approximately 20-and 200-fold greater reductions, respectively, in recovery compared to the mouse CI assay (Table 4 ). In abscess infections five mutants (IVT24, IVT59, IVT176, IVT626, and IVT631) were attenuated to levels comparable to those observed in systemic infections, one mutant (IVT627) was attenuated almost 100-fold greater than observed in systemic infections, and two mutants (IVT133 and IVT636) were mildly attenuated.
DISCUSSION
The purpose of this study was to identify, on a genomic scale, genes that are required for full virulence of S. aureus. To screen for virulence genes in vivo, we developed a genetic screening methodology that employs unique size DNA tags to monitor the fate of individual clones within a bacterial population and a procedure for creating random, unlinked insertion mutants. Mutant screening was performed using a murine systemic infection model, because the course of progression of this disease in the mouse has been well documented and closely parallels disease progression in humans. In order to help eliminate false positives, we screened mutant banks for attenuated virulence in a two-round screening procedure. To confirm the relevance of virulence attenuation observed in mutant pools, we performed quantitative assessments of virulence in competitive and noncompetitive systemic infections. We anticipated that some factors important for S. aureus virulence during systemic infection might also be required for full virulence in other models of infection, and so we tested this hypothesis directly by examining virulence of selected systemic infection attenuated mutants in a mouse model of abscess formation. Through this effort we have identified a broad range of potential S. aureus virulence functions, including enzymes involved in aspartate and pyrimidine biosynthesis, three putative transmembrane transport proteins, and two response regulator-histidine kinase two-component system signal transduction gene pairs. The largest class of mutants affected biosynthesis of small molecules, particularly amino acid and pyrimidine biosynthetic functions ( Table 2) . Disruption of aspartate biosynthesis by insertional inactivation of either the gene encoding aspartate aminotransferase, aspB (IVT626), or the gene encoding pyruvate carboxylase, pycA (IVT627), resulted in the most pronounced virulence attenuation observed for mutations in this class. Virulence of the aspB mutant was reduced 1,000-fold in competitive systemic infections, nearly 300-fold in noncompetitive systemic infections, and nearly 2,000-fold in noncompetitive abscess infections, while virulence of the pycA mutant was reduced 50-fold in competitive systemic infections, 45-fold in noncompetitive systemic infections, and nearly 4,000-fold in noncompetitive abscess infections (Tables 3 and 4) . The products of pycA and aspB execute successive steps in the biosynthesis of aspartate from pyruvate. Pyruvate carboxylase (PycA) catalyzes the ATP-dependent carboxylation of pyruvate to form oxaloacetate, a substrate for aspartate aminotransferase (AspB). AspB catalyzes transfer of the ␣-amino group from L-glutamate to oxaloacetate, yielding L-aspartate and ␣-ketoglutarate. Bioinformatic analysis suggests two possible biosynthetic routes to aspartate encoded by the S. aureus N315 genome: AspB-catalyzed transamination of oxaloacetate, and asparaginase (ansA gene product, SA1310)-catalyzed deamination of asparagine. Our observation that the aspB mutant is growth attenuated in vivo suggests that ansA does not contribute significantly to in vivo fitness, likely because there is not sufficient free asparagine available in the host environment. We determined that the aspB mutant required 125 g of asparagine/ml to fully remediate growth in aspartate-free chemically defined medium, approximately 10-fold higher than the concentration of free asparagine in human serum, 11 g/ml, reported recently (51) . That both aspB and pycA mutants were attenuated to a greater extent in noncompetitive abscess infections compared to systemic infections (Table 4) suggests that aspartate might be significantly more limiting in the abscess environment.
The in vivo attenuation noted for aspB and pycA mutants corresponds to deficiencies in the ability to synthesize aspartate. These mutants require exogenous aspartate to grow on chemically defined medium ( Table 3) . Supplementation of minimal medium with aspartate to 50 g/ml completely remediated the growth defects of aspB and pycA mutants. The concentration of free aspartate in mammalian tissues (less than 6 g/ml in normal human serum [51] ) is apparently not sufficient to support S. aureus growth in the absence of a functioning aspartate biosynthesis pathway and seems a likely explanation for the avirulence observed for aspB and pycA mutants. Moreover, the bacterium must also be unable to procure aspartate-containing peptides in vivo in a quantity sufficient to fulfill the aspartate requirement of these mutants.
Disruption of pyrimidine biosynthesis also attenuated S. aureus virulence. A single Tn917 insertion mutation in the gene encoding dihydroorotase, pyrC (IVT636), reduced virulence fivefold in the competitive systemic infection model and threefold in the noncompetitive systemic infection model, while virulence attenuation in the abscess infection model was negligible (Tables 3 and 4) . Dihydroorotase catalyzes the third of six enzymatic steps in the biosynthesis of UMP from glutamine and aspartate precursors. Supplementation of minimal medium with uracil to 1 g/ml was sufficient to completely restore growth of the pyrC mutant, indicating the presence of an efficient transporter and intact pyrimidine salvage pathway. Indeed, pyrC is the third gene of a seven-gene cluster encoding enzymes for pyrimidine nucleotide biosynthesis as well as the putative uracil permease gene, pyrP. These data might suggest that an intact de novo pyrimidine biosynthesis pathway contributes to full bacterial virulence and that the presence of an intact pathway for salvaging pyrimidines allows the pyrC mutant to survive the host environment with only modest diminution of virulence. Considering that the human plasma concentration of uracil (less than 0.05 g/ml [21] ) is insufficient to support the salvage pathway when organisms are cultured in minimal medium, however, requires an alternative interpretation. We examined growth of isogenic wild-type and pyrC mutant cells in serum and discovered that the pyrC mutant was unable to grow in either human or mouse serum. To determine whether the pyrC mutant genotype and phenotype were stable during growth in vivo, pyrC mutant cells were recovered from infected mouse spleen and abscess tissues and evaluated; all isolates retained the uracil Ϫ phenotype. We therefore conclude that the bacterium must be able to procure uracil and/or pyrimidine nucleotides from host cellular sources, possibly through cytolysis of host cell tissues mediated by the vast armamentarium of exoenzymes and exotoxins secreted by this bacterium.
The Table 2) . These transporters may allow the cell to scavenge for distinct nutrients or cofactors or, alternatively, may function in solute transport responses to osmotic or other environmental stresses. We tested the latter hypothesis by examining each of the mutants in this class for growth in the presence of high (2 M) NaCl and found that IVT207 grew poorly in both solid and liquid high-salt media (ca. 20% growth rate reduction in liquid high-salt medium). This was not surprising, given that inactivation of a parologous S. aureus gene, brnQ, encoding a 442-amino-acid branched-chain amino acid carrier protein with 74% amino acid identity to BraB (IVT207), was reported by Vijaranakul et al. to result in osmosensitivity (57) . However, we also observed that the braB::Tn551 insertion in IVT207 conferred auxotrophy for lysine (Table 2) . Transduction experiments determined that both lysine auxotrophy and high salt sensitivity were tightly linked with the braB::Tn551 insertion. Since the operon encoding diaminopimelate (DAP) and lysine biosynthetic enzymes (DAP operon) maps approximately 4 kb 3Ј of braB, the possibility of polar effects from the braB::Tn551 insertion seems low. It remains possible that IVT207 harbors an independent mutation in the DAP operon that cotransduces with braB at high frequency.
Disruption of two transmembrane transporters resulted in dramatic attenuation of virulence. Loss of function of gabP in IVT631, encoding a predicted gamma-aminobutyrate trans-porter, resulted in 33-fold attenuation in competitive systemic infections, 660-fold attenuation in noncompetitive systemic infections, and nearly 1,400-fold attenuation in noncompetitive abscess infections. Likewise, the yuiF mutation in IVT176, encoding a predicted 11-pass transmembrane protein with similarity to small-molecule permeases, attenuated virulence approximately 6-fold in competitive systemic infections, over 1,200-fold in noncompetitive systemic infections, and nearly 400-fold in noncompetitive abscess infections. We were unable to determine in vitro phenotypes (e.g., auxotrophy, altered chemical sensitivity, altered growth rate) for either IVT631 or IVT176. Disruption of a third transporter, yflS (IVT133), attenuated virulence differentially in pure culture systemic and abscess infections (Table 4 ). These findings suggest either a higher demand for the putative dicarboxylate substrate (oxoglutarate and/or malate) and/or repression of the tricarboxylic acid cycle during systemic infection.
Of particular interest was the discrepancy in virulence attenuation that we observed for yuiF and gabP mutants between mixed and pure culture infections. These isolates appeared to be partially complemented by wild-type cells in mixed culture infections, as evidenced by the 200-and 20-fold increases in recovery of yuiF and gabP mutants, respectively, from spleens of animals infected with mixed compared to pure cultures (Tables 3 and 4 ). These were the only two mutants for which trans-complementation was noted, and they suggest that the functions of GabP and YuiF are not limited to nutrient acquisition from the host. It is possible that GabP and YuiF functions are required in early steps of establishing infection, such as colonization, or that these gene products may function in bacterial cell-cell communication in the host. These may be new members of an expanding class of permease-like proteins that function as signal-transducing environmental sensors (15, 30) .
The third largest class of genes identified in our screen encodes proteins of unknown biochemical function, all of which possess putative orthologs in other bacterial species (Table 2). All but one of the mutants in this class, IVT27, were modestly attenuated for virulence. Because the insertion in IVT27 occurred near the C terminus (codon 161) of the predicted 164-codon ORF and was therefore potentially polar on the neighboring gene (pepT; SA0698), together with the observed in vitro growth defect (Table 3 ; in vitro CI of 0.31), we did not pursue further characterization of this strain.
The ability of S. aureus to adapt to and cause disease at distinct anatomical sites suggests that virulence mechanisms are modulated in response to environmental cues. Two-component sensor kinase-response regulators are one of the major mechanisms of signal transduction employed by bacteria, allowing for coordinate control of gene expression in response to diverse environmental stimuli (26) . We isolated insertion mutations in two distinct two-component system sensor kinase genes, arlS (IVT59 and IVT92) and saeS (IVT24). Each of these mutations attenuated virulence approximately 10-fold in competitive systemic infections (Table 3 ) and between 10-and 100-fold in noncompetitive systemic and abscess infections (Table 4 ). These two genes were identified in previous mutant screens for fluoroquinolone hypersensitivity (arlS) and exotoxin production (saeS), but their role in virulence in vivo has not yet been determined (17, 22) . A large body of literature has described the role of the AgrCA two-component system in S. aureus virulence, virulence gene expression, and quorum sensing (for review, see reference 46). More recently, genetic interplay between agrCA and other two-component systems, including arlRS and saeRS, has been demonstrated (18, 22) . While the ligand responsible for activating AgrC, the AgrDderived octapeptide, has been well defined (28, 29) , the environmental signals to which other S. aureus sensor kinases respond have not been identified. Our results suggest important individual roles for both ArlRS and SaeRS two-component systems in S. aureus virulence in vivo.
Several of the genes we identified had a minor contribution toward virulence of S. aureus but have been identified as important virulence determinants in other pathogens. Three mutants (IVT15 [lysC], IVT173 [dapB], and IVT638 [asd]) possessed insertions in genes involved in DAP biosynthesis that resulted in modest virulence attenuation (Table 3 ). This is in marked contrast to the significant attenuation of virulence observed for DAP auxotrophic mutants of Salmonella enterica serovar Typhimurium, Shigella flexneri, and Legionella pneumophila (13) , as well as the observation that the aspartate kinase gene ask in Mycobacterium smegmatis, a paralog of S. aureus lysC, is essential for viability (49) . In these organisms DAP is not only a key intermediate to lysine biosynthesis but also a constituent of the cell wall peptidoglycan. In contrast, S. aureus and many other gram-positive bacteria incorporate L-lysine in place of DAP into peptidoglycan. The contribution of a functional DAP biosynthetic pathway toward S. aureus virulence should not be understated, however, given that these genes have previously been identified in screens for virulence in mice (asd) as well as in distinct in vivo surrogate assays (asd, lysC, and dapB) (11, 35, 43, 58, 62) . We also determined that loss of the dissimilatory nitrate reductase (IVT40 [narJ]) had little impact on virulence (Table 3 ). This is in contrast to the recent report that nitrate respiration appears to play an important role in the virulence of Mycobacterium bovis BCG (60) . Using a standard assay to detect production of nitrite from nitrate, we confirmed that the narJ::Tn917lac insertion in IVT40 eliminated nitrate reductase function. These results suggest that if S. aureus encounters an anaerobic environment in vivo, energy generation must proceed by a route(s) that does not require respiration using nitrate as the terminal electron acceptor.
Our analysis is not saturating despite screening 6,300 mutants, greater than twice the number of S. aureus genes. This is evidenced by the fact that most of the mutants isolated in our screen were unique. In addition, previous S. aureus STM screens conducted by Mei et al. (43) and Coulter et al. (11) analyzed 1,248 and 1,520 mutants, respectively, and the overlap between the three studies is limited. Only one annotated gene, asd, was reported in common to all three studies. Of the most highly attenuated mutants we identified (Table 4) , only two, saeS and arlS, described previously identified S. aureus genes (17) .
Recent advances in molecular microbiology have enabled comprehensive genetic screening for gene products required for full virulence. In recent years STM has been applied successfully to identify virulence-related genes in a variety of pathogenic bacteria (for review, see reference 42). Despite being a powerful approach, STM as it was originally described requires time-consuming probe labeling and hybridization pro- (24) . Several investigators have described modifications that overcome some of these obstacles, including application of nonradioactive filter hybridization (20) , hybridization to high-density oligonucleotide arrays (31), uniplex PCR (37), and polymorphic tags (25) , to eliminate the requirement for hybridization. In this report we describe a novel method for genetically tagging microbial cells in a nonmutagenic fashion and a procedure for monitoring the fate of individual strains in a population by multiplex PCR followed by direct visualization of the amplification products. Separation of the genetic tagging and mutagenesis processes permits mutagenesis to be performed with any number of agents and is thus applicable to systems that lack tools for random insertional mutagenesis (D. Biek, personal communication). The findings reported here expand our understanding of the microbial-host interaction during S. aureus infection. Critical metabolic and transmembrane transport functions that are described provide clues to the nutritional requirements of the bacterium and may indicate new opportunities for design of antimetabolite chemotherapies. Moreover, determination of substrates for the putative transmembrane transporters of unknown function may afford identification of heretofore-unrecognized nutritional requirements. And finally, the complex role of environmental signal transduction in bacterial virulence is highlighted. Determination of both the environmental stimuli as well as effector functions of both of the sensor kinaseresponse regulator gene pairs we have described will surely enlighten our understanding of the pathogenic process.
